[1] We validate the temperature climatology recorded by the Microwave Sounding Unit with GPS occultation data collected by the GPS/MET experiment. We choose to validate only the lower stratospheric MSU climatology in order to circumvent the wet-dry ambiguity associated with GPS occultation in the mid-to lower troposphere. We simulate the lower stratospheric channel's brightness temperature by convolving each GPS/MET temperature profile with a vertical weighting function and then map the irregularly gridded data using a Bayesian interpolation scheme. In northern polar night, the MSU T ls deviates from GPS occultation by as much as 10 K while occultation is consistent with the NCEP Reanalysis used for diagnostic purposes. NCEP and GPS occultation deviate by 1 K in the tropics, consistent with a warm bias in NCEP Reanalysis. GPS occultation renders the problems MSU encounters with inter-satellite calibration obsolete, because calibration by atomic clocks is free of systematic error and can completely cover the diurnal cycle.
Introduction
[2] Monitoring climate change requires an accurate, longterm, consistent dataset of global upper air temperatures. Many signal detection studies have examined surface air temperature records over the past century, yet this does not reflect behavior on global scales and in the bulk atmosphere. To make up for these shortcomings, it is necessary to monitor climate from space so that global coverage and upper air thermodynamic properties can be observed.
[3] Radiosonde soundings from $800 stations, mostly continental in the northern hemisphere, form the primary observation network for upper air temperature. Gaffen et al. [2000] pointed out how instrumentation changes, local time, and coverage complicate long-term monitoring based on this dataset. The sole satellite-based dataset analyzed for climate monitoring comes from the MSU embedded in the Television Infrared Observation Satellite (TIROS)'s Operational Vertical Sounder (TOVS) aboard the National Oceanic and Atmospheric Administration (NOAA) series of satellites. Albeit TOVS was intended for weather forecasting only [Stendel et al., 2000] , Christy et al. [1998] have presented climatologies of bulk tropospheric and stratospheric temperature over the past two decades. In fact, this dataset has been referred to as evidence contradicting other measurements of global warming and as evidence that the troposphere is becoming less stable with time as opposed to what models predict [Folland et al., 2001] . The different trend between surface air and bulk troposphere has been reconciled through radiosonde measurements. Nonetheless, it was pointed out by e.g. Hurrell and Trenberth [1997] that the MSU measurement suffers from a decaying and precessing orbit, in turn necessitating an elaborate inter-satellite calibration as performed by Christy et al. [2003] .
[4] The possibility exists that GPS occultation replaces MSU sounding as the standard for monitoring global temperatures from space [Goody et al., 2002] . A large literature concerning the GPS occultation technique already exists [Melbourne et al., 1994; Kursinski et al., 2000] . The calibration of GPS occultation is based on precise timing using atomic clocks and not the standard onboard blackbody of passive sensors; hence, the GPS occultation technique can be considered absolutely calibrated. It has been validated in a multitude of ways, including by infrequent collocation with a radiosonde [Rocken et al., 1997] , and a theoretical error analysis has shown its highest accuracy and precision to exist near the tropopause and in the lower stratosphere [Kursinski et al., 1997] where a strong proxy for bulk temperature can be observed [Leroy, 1997] .
[5] While GPS occultation may be used for monitoring global temperatures from space in the future, at this point it is best suited to validating upper air climatologies of temperatures because just a small number of occultation measurements are available, and those only since 1995. The temperature profiles produced by occultation can be easily manipulated to simulate MSU brightness temperature, and thus we validate the MSU climatology. We also validate the National Centers for Environmental Prediction (NCEP) Reanalysis [Kalnay et al., 1996] by simulated MSU radiance because it and other climate reanalyses are becoming standard tools for understanding recent climates.
[6] In section two we describe the data sets involved; in section three our methods of analysis; in section four the comparison between MSU, GPS occultation, and the NCEP Reanalysis; and in the final section we give our conclusions.
Data Sets
[7] The MSU measures emission on the 60-GHz oxygen absorption line in the longwave end of Earth's outgoing spectrum, where radiance is proportional to temperature. Stable abundance and an inherently uniform mixing ratio make the oxygen brightness temperature a direct indicator of the ambient temperature of each atmospheric layer, so the MSU data record has been used as a proxy for change in atmospheric trends since it was first launched on a NOAA weather satellite in 1979 [Folland et al., 2001] .
[8] The MSU temperature climatologies require significant postprocessing in order to eliminate view slant-path effects, orbit decay effects, and effects associated with orbital drift in local time. As a consequence, MSU publishes its data as daily zonal means and monthly maps but does not publish individual MSU soundings [Christy et al., , 2003 . The horizontal grid of the published MSU data has a 2.5°meridional resolution and ranges from 82.5°S to 82.5°N. Daily values represent the average of 28 measurements, each a linear combination of five view angles along a 700 km trajectory. Atmospheric drag causes each satellite to loose altitude and precess more slowly than the desired sunsynchronous orbit, giving rise to a spurious cooling trend and an increasing seasonal cycle. For those satellites with a node in the afternoon, the drift towards noon generates warming; for those with a node in the morning, the drift towards night generates cooling . The paramount systematic error, however, arises when drifting sways the onboard hot target. Assembling the MSU record requires inter-satellite calibration in their overlap periods to remove zonal bias and trend, and tuning by biweekly harmonics. We apply the recent version 5.0 of MSU data, which accounts for these effects [Christy et al., 2003] .
[9] GPS occultation data was first obtained by the GPS/ MET proof-of-concept mission in 1995-97 [Ware et al., 1996] . GPS occultation requires tracking of the two GPS frequencies L1 and L2 (1.2276 and 1.5754 GHz) to remove ionospheric effects which would otherwise confuse measurement of atmospheric refractivity. With the technology onboard GPS/MET, the anti-spoofing (A/S) of GPS inhibited adequate tracking of L2 except during four ''prime time'' periods in which A/S was turned off. The resulting dual-frequency occultations during these periods are mostly free of ionospheric effects. During all other periods with A/S turned on, only a specialized and noisier single-frequency retrieval is possible [De La Torre Juarez et al., in press, 2003] . Table 1 lists the prime time periods and the number of occultations during each of them.
[10] We also use NCEP Reanalysis [Kalnay et al., 1996] for comparison because it and other reanalysis products are commonly used for climate monitoring studies.
Analysis of NCEP and Occultation Data
[11] The ''wet-dry'' ambiguity of GPS occultation dictates that temperatures are retrieved unambiguously above the tropospheric 250 K level [Kursinski, 1997] . Thus, we restrict an MSU-GPS occultation comparison to the lower stratospheric brightness temperature (T ls ) of MSU. In order to simulate T ls we use an atmospheric transmission weighting function with the U.S. standard atmosphere as background state, the oxygen absorption model of Rosenkrantz [1988] , and the line width parameters of Liebe et al. [1992] , which are unaffected by transient surface reflection [Grody, 1983] . Figure 1 shows the weighting function suitable for MSU T ls (formerly channel 4). It is centered at 55 hPa with tails extending to 2 and 300 hPa. We convolve vertically resolved GPS/MET temperature profiles with this weighting function where GPS/MET data exists and with all grid elements of the NCEP Reanalysis at its seven stratospheric vertical levels during the GPS/MET prime time periods.
[12] All GPS/MET data are first quality-controlled to eliminate occultations wherein anomalous ionospheric activity adversely affected the retrieval. We establish a model of the atmospheric delay by fitting an exponential to the Doppler delay during the first ten seconds of its monotonic increase and extrapolating to the beginning of the occultation. We subsequently reject occultations wherein GPS L2 has more than 90% of its 1-s average Doppler deviating more than 0.10 m/s from the extrapolated model or has a signal-tonoise ratio of less than sixty for more than 5 s. We also reject occultations with cycle slips, which we detect by searching for 1-s averages of atmospheric Doppler, which deviate from Figure 1 . Weighting function for the temperature of different pressure levels into the stratospheric total that MSU channel T ls monitors near 58 GHz . CLM the extrapolated model by 0.01 m/s. We perform the standard double differencing to calibrate the unstable clock of the low earth orbiting receiver and the selective availability of the GPS signals [Kursinski et al., 1997] .
[13] While zonal averages of the gridded MSU record can be easily compared to zonal averages of gridded MSUsimulations from the NCEP Reanalysis, the irregularly gridded GPS/MET data must be interpolated before comparison to MSU. We use a Bayesian scheme with a spherical harmonic basis to interpolate the occultation data, because it is capable of interpolating irregularly gridded data with unknown error characteristics without overfitting. For occultations, the unknown ''error'' is temporal variability. The scheme is detailed in MacKay [1992] and Leroy [1997] . Standard analysis schemes invoke outside information, a trait we wish to avoid. A suitable regularizer for bulk temperature, chosen such that the interpolation does not overfit the data (see Leroy [1997] ), is
where l and m designate the order and degree of the spherical harmonics. Purely meridional structures have m = 0, purely zonal structures have l = m. The effective horizontal resolution ranges from 30°to between 45°and 72°of arc during A/S-on. We perform the Bayesian interpolation for biweekly periods during each prime time and during A/S-on.
Results
[14] Table 1 gives the occultation density, two-week temporal variability, the uncertainty on the global mean of its T ls simulation, and the difference from the NCEP global mean. Both a larger number of occultations and smaller temporal variability improve the accuracy and horizontal resolution of the spherical harmonic fit. During all prime time periods, the NCEP Reanalysis shows a global stratospheric warm bias of 0.4 K. Pawson and Fiorini [1998] show a warm bias in the stratosphere also, but primarily in the tropics. Figure 2 indicates that the difference between NCEP and GPS/MET T ls is uncorrelated with the occultation locations and agrees to within 1 K over northern landmasses, where NCEP assimilates radiosonde data, and over the southern sea, where NCEP is strongly constrained by MSU.
[15] Figure 3 compares zonal average T ls for NCEP Reanalysis, MSU, and GPS/MET in all prime time periods. NCEP and GPS/MET agree to within error, except in the tropics, whereas the agreement between GPS/MET and MSU breaks down in a few notable ways. During April 1995, the disagreement is +10 K in the spring at high northern latitudes and À4 K in the autumn at southern midlatitudes. During June 1995, it is À6 K in the southern winter storm track at mid-latitudes. During February 1997, it is likewise +4 K in the northern winter storm track. Such large biases cannot be explained by our use of a static weighting function instead of full radiative transfer calculation, as argued by Spencer and Christy [1992] .
[16] Figure 4 shows the T ls time series for MSU and as simulated from the NCEP Reanalysis and GPS/MET during 1995 -97 for northern, tropical, and southern latitudes. NCEP and MSU have continuous time coverage, but GPS/MET is intermittent and degrades when A/S was turned on because of a much noisier ionospheric calibration. We suppress noise in the GPS/MET retrievals during A/Son by using only nighttime occultations at the expense of reducing the number of occultations. We remove the stratospheric diurnal cycle by adding 1.7 ± 0.6 K, as determined from the prime time data. Two GPS/MET periods have so few occultations that structures finer than 72°remain unresolved creating a spurious tropical deviation from NCEP.
[17] The NCEP Reanalysis and MSU agree to within error in the southern hemisphere, as expected, but the agreement breaks down in the tropics and northern hemisphere where assimilated radiosonde data more strongly influences NCEP. In the northern hemisphere, the disagreement is +2 K during April and June 1995 and +4 K during February 1997. The MSU's excessive seasonality is similar in amplitude to the monthly change of the onboard hot target's temperature for those satellites that have an ascending node in the morning. Christy et al. [2000] show the change in their Figure 5 , and attribute it to the drift away from a sun-synchronous orbit. The agreement between NCEP and GPS/MET suggests that the MSU seasonality is a residual from the inter-satellite calibration of the varying hot target. We hypothesize that the difference between GPS/ MET and MSU is greater in winter because the strong meridional temperature gradient generates temperature anomalies that are hard to account for by the biweekly harmonics in the inter-satellite calibration. The absence of high latitude MSU measurements contributes to the difference at the north pole.
Conclusions
[18] GPS/MET occultation data validates the stratospheric MSU channel to within 1 K with some exceptions, of which the most salient are a 10 K warm bias north of 70°N during April 1995 and a 6 K cold bias at the southern polar front during June 1995. GPS occultation also validates NCEP Reanalysis in the stratosphere, especially outside the tropics where NCEP contains the warm bias of 1 K shown in Figure 4 .
[19] Validation of the NCEP Reanalysis and MSU by GPS/MET degrades during anti-spoofing on periods because of poorer ionospheric calibration in occultation retrievals of temperature. Better antenna gain and occultation receiver software on the currently active German CHAMP and Argentine SAC-C satellites should improve the tracking of GPS L2 with anti-spoofing on, yielding a far improved ionospheric calibration in its GPS occultation retrievals of temperature. GPS occultation may be much more suitable to climate monitoring of atmospheric temperature than MSU because its calibration is ultimately by atomic clocks, while the MSU is calibrated by an onboard hot target sensitive to orbital drift, and because the inexpensive GPS occultation receivers makes it possible to remove diurnal cycle biases with occultation satellites in multiple orbits. 
